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Foreword

The stunning changes in the complexion of international politics that began
late in the decade of the 1980s and continue today will profoundly affect the
American military establishment as a whole, and the US Air Force in particular.
Decisions about the future course of the military will be made in the early part
of the 1990s which will essentially determine the course of the US Air Force well
into the next century. Decisions of such importance require thoughtful con-
sideration of all points of view.

This report is one in a special series of CADRE Papers which address many of
the issues that decision makers must consider when undertaking such momen-
tous decisions. The list of subjects addressed in this special series is by no means
exhaustive, and the treatment of each subject is certainly not definitive. However,
the Papers do treat topics of considerable importance to the future of the US Air
Force, treat them with care and originality, and provide valuable insights.

We believe this special series of CADRE Papers can be of considerable value to
policymakers at all levels as they plan for the US Air Force and its role in the
so-called postcontainment environment.

DENNISM DREW Col, USAF
Director
Airpower Research Institute
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Executive Summary

This paper considers the question of cost and perforrnance in major weapon
systeins. The existing state of technology determines what is possible in every
new design. How much technology to incorporate intc hardware involves choices
between performance (better quality) and lower cost (greater numbers). Current
design practices place a decided emphasis on performance.

An articulate group of critics with a large following charges that unchecked
pursuit of technological opportunities precludes intelligent cost-performance
choices. Weapon systems feature large numbers of expensive gadgets that add
little to military effectiveness and much to cost. As a result, we're buying in
numbers too small to be really effective. These issues were part of a major debate
in the 1970s but faded somewhat with increased funding during the 1980s. With
the drawdowns and reassessments of the 1990s, the question of numbers versus
performance will likely return to prominence.

Chapter 1 is an overview of past experience in exploiting technology for military
purposes. Traditionally, the slow pace of innovation and institutional conser-
vatism made technology a minor part of the military planning problem. However,
modern military powers specifically plan to advance military technology and
exploit that progress with deployed hardware. The most radical practitioner of
the modern approach is the United States, which regards technical superiority
as a vital national interest.

Chapter 2 is a summary of the critics’ views. Fundamentally, they assert that
the acquisition process precludes systematic, rational choices between cost and
performance. New weapons reflect the pursuit of technical opportunities rather
than concern for military effectiveness. Study of the process itself underpins the
critics’ case. Although it is possible to find fault with what the critics say, it is
diificult to defend the process itself. It is also important to remember that the
critics’ views are widely shared in the policy-making community.

Chapter 3 considers the empirical record and concludes that system designs
show evidence of a consistent, rational pursuit of combat effectiveness. A set of
66 Navy and Air Force tactical aircraft types constitute the case study. The data
reveal a military judgment that quality is more important than quantity, with that
assessment consistently reflected in actual designs. The data do not support the
critics’ belief that increments in performance come at increasingly higher cost.

Chapter 4 looks at some indicators for the future. First, recent studies of actual
combat results suggest that quality is indeed more important than quantity.
Second is the effect of increased uncertainty. With a changing threat and
planning environment, we no longer have a predominant scenario such as Central

ix




Europe—therefore we have more uncertainty iz our planning problem. Insights
from the theory of financial portfolios suggest we should pay extra for assets that
reduce risk in force performance. Some study evidence indicates that higher
performance forces are less risky. Hence, there is reason to believe that continued
emphasis on performance is appropriate in post-cold war system designs.
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Chapter 1

Technology, Cost, and Performance
as a Military Problem

THE purpose of this paper is to explore
the issue of cost versus performance (or
quality versus quantity) in major weapon
systems. Every weapon design evolves
within a given state of technology that
provides a menu of technical options and
associated costs. How much available
technology to include in the design in-
volves choices between more technology
(higher performance} against lower cost
(and greater numbers).'

Historical Record

THE relationship of technology to the
other elements of the art of war and the
exploitation of technical means in
hardware design is not a new issue. The
historical record indicates that tech-
nological innovation has exerted an im-
portant, and sometimes dominant,
influence on military operations. How-
ever, history demonstrates that more
technology does not always equate to
greater operational effectiveness. Ex-
perience also shows that other factors
have been major, sometimes dominant,
influences as well.

Until the modern era, military technol-
ogy progressed slowly. Before the twen-
tieth century major military theorists
could take technology as a given
nhenomenon, because it changed little in
a lfetime.” It took nearly four centuries
to fully realize the potential of gunpowder
in terms of deployed hardware, doctrine,
and tactics. Nearly one hundred years

after demonstration of technical
feasibility, a breech-loading infantry rifle
first appeared as standard equipment.’
Until the modern era, there was no
definad process for advancing or exploit-
ing technology for miilitary purposes.® In-
ventions were perfected, deployed, and
then forgotten.” Typically, innovations in
hardware resulted from the efforts of in-
dividual inventors to find military cus-
tomers.® In short, technical innovation
was not the province of the military
profession. Commentators from Sun Tzu
to Clausewitz and Jomini could regard
technology as essentially fixed, or at least
as a matter outside their concern. Even
some technically oriented theorists of the
twentieth century such as J. F. C. Fuller
and B. H. Liddell i{art emphasized the
exploitation of particular technologies
rather than technical progress as part of
military planning.”

Traditionally, military institulions
have been technically conservative, resis-
tant to the incorporation of new tech-
nologies in hardware, and reluctant to
reflect new technical means in doctrine,
tactics, and force structure.® Technology
was not a planning variable until well
after the Napoleonic Wars. Trevor N.
Dupuy credits the Prussian general staff
of the nineteenth century as being the
first to explicitly plan for technical in-
novations. Martin L. van Creveld em-
phasizes the influence of twentieth
century warfare on military perceptions
of technology .’
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Changes in military technology have
always exerted a pervastve influence on
the conduct of war. Technology dettiies
what is possible in military operations.”
Even in ancient t mes, technical innova-
tions or even a relatively small technical
edge were exiremely important. ‘The
Romans’ incorporation ot bo.. ding ramps
on galleys did much to wrest commuand ot
the sea trom the Carthaginians in the
Punic Wars. Similarly, Roman use ol
shock and tire weapons against the
simpler, shock-oriented Hellenistic
armies was a key ingredient in conquer-
ing the eastern Mediterranean.'’ Oc-
casionally, there has been a decistve
weapon for which the enemy had no
counter, the Byzantines' “Greek lire”
being a well-known example.'” One can
trace historical eras in military art and
science through the use of such
dominant weapons as the longbow, mus-
ket. and quick-firing artillery.'” In 1945
Fuller equated victory with finding the
right hardware."*

Nonetheless, technology has been only
one of many factors in the military
balance. Victory has always involved
matching strengths against enemy weak-
nesses and masking deficiencies: more a
matter of defeating an opponent than
mastering nature. Many military revelu-
tions did not involve technological in-
novation per se but rather the
imaginative combination of existing
means of war. The system growing out of
the French Revolution and the genius of
Napoléon is one example. The German
army’s introduction of the panzer division
is another."”

Finally, exploiting technology is poten-
tially dangerous. Periods of technical in-
novation have somnetimes accompanied a
deterioration in other military arts; a
problem dating at least to the Hellenistic
states of the ancient world.”” Of even
more concern is the tendency of factors
other than military effectiveness to in-
flrence hardware design, such as the

prarsuit of technology tor its own sake
Martin L. van Creveld s assessinent ol the
engineers and designers ot the Htalian
Renaissance is particularly interesting:
“Thev applied their lmaginations to the
constructionn ot a very large number ot
complicated machines, the real purpose
of whirh was appatently not so nmch to
du useful work as to explore wavs in
which those devices could be com-
birea ™!

Other dangers include technical in
novations narrowly tocused on estal,
hished lines. The devices intended to keep
the horse cavalry a viable combat arm
after World War 1 are well-known ex
amples of diverting technology (and in-
vestment) from the direct pursuit of
military effectiveness. ™ Taking es{ab-
lished lines of technology to extremes has
resulted in warships so top-heavy with
new devices that they sank on their
maiden voyages or proved otherwise
operationally ineffective. The extremely
heavy plate of armor of the later medieval
period is another example. That sort of
innovation also concentrated fighting
power in platforms so few and so precious
that they could not be placed in harm's
way, such as World War | dreadnoughts.
A device that cannot be risked has only
limited cla'ms to being a weapon.'”

Although military de-igns have always
paid a premium for periormance, it is not
always clear how much is too much.”
Alrmen, in particular have disagreed.
Fer exawuple, Giulio Douhiet advocated
the ‘"battleplane”™ {a moderate cost,
moderate performance bomber), a view
that contrasts wiih Air Marshal Hugh
Trenchard's ernphasis on weapons of
first-rate quality.”’

The Current Situation
IN contrast to the military prciession’s

traditionally passive attitude toward
technology, all contemporar; great
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powers have large and expensive military
technical branches dedicated to advine-
ing the state of the art and exploting
technical possibilities in weapon
deslgns.”® " hLe clearest example cf tech-
nical emphasis is tiie conteriporary
United States. The creation ana exploita-
tion of technical advantages is an integral
part ot contemporary iuational security
strategy. and technical superiority s
regarded as a major nattonal interest.™ A
notable body of opinion and research
holds that contemporary Western prac-
tice in system design is tilted almost ex-
clusively toward the pursuit of techniology
without regard to cost.”

It is tempting to conclude that recent
events ir the Culf war settled the argu-
ment in favor of the current - aphasis on
performance and guality. That may turn
out to be true. The current generation of
hardware has worked quite well.”” And,
it seems natural to conclude that the
services have made good <hoices iIn
aardware design,

Tc regard the debate on cost versts
performance as permanently closed is
more likely a misinterpretation of the les-
sons of Operation Desert Storm, future
directions in military technology, the per-
sistence of the critics, and the fiscal fu-
ture. First, the stars of the Gulf
operations were not just the high-cost,
highly capable platforms such astheF- 15
and F-117A.
precision guided munitions (PGM)
recorded the most spectacular successes,
Also, the A-10A, designed as a low-cost
specialized aircraft, performed very
well.*®

The future direction of military tech-
nclogy will not necessarily favor the cur-
rent emphasis on individual system
performance. Even low-cost. perhaps
unmanned, systems can carry highly
soph~ticated PGMs. In the air-to-air
arena, the F-16's ability to carry the
launch-and-leave advanced medium-

The new generation of |

range air-to-air missile (AMRAAM) may

redace ditlerences in etlectiveness with
the F-15 and the advanced tactical
tighter. AMRAAM may, in fact tilt all
veather air-to-adr combat results to favor
the side with numbers. Advanced heat-
secking imussiles caused similar results in
close-tn day visual ilight rules (VFRj com-
bat, as shown in the air combat evalua-
tion/air intercept missile evaluation
(ACEVAL/AIMVAL) test serles.”’

In a broader senve, the future of
muitary technology appears to lie o the
integrated battlefield, or, 10 use a Soviet
term, in reconnaissance strike complexes
IRUK).™  Sensor complexes (satellites.
reconnaissance jrecce} awreratt, Airborne
Wamning - ad Control Systemn [AWACS],
and Joint Surveillance Target Attack
Radar System [J-STARS]) quickly assess
the operational situation. Modern com-
munications rapidly link scnsors, com-
mand centers, and combat units. PGMs
are quirkly and lethally allocated to
enemy targets. The Desert Storm opera-
tion is possibly th:e first credibly opera-
tional RUK in actual combat.”

The implications of the integrated
battlefield arguably include the potential
for cheaper, less capable systems within
the integrated complex (RUK). For ex-
ample, central sensor systems plus com-
municalions could p-ovide the
situational awareness that we now expect
from on-board components. The global
positioning system (GPS) reduces the
need for high-performance navigational
systems aboard individual platforms.
The critics are unlikely to miss these or
similar argumentis.

What's said here about RUKs is sonie-
what speculative. It is not speculative,
however, to predict that delense needs
will be underfunded in the vears ahead—
benavior fully consistent with past
periods when no major military threat
posed a clear and present danger to vital
national interests.  With appropriated
funds never meeting planmng forecuasts.
purchases of new equipment will be
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decreased, and force planning will suf-
fer.” In those circumstances, design op-
tions that allow for larger numbers to be
purchased will appear more attractive.
And, a vocal group of advocates is in place
to make the case to our national leader-
ship.™

This discussion ts therefore organized
as part of an ongoing debate regarding
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Chapter 2

The Conventional View of
Cost-Performance Choices

THIS chapter could be titled “the gadget-
happy military.” The most cornmonly held
belief (the “conventional wisdom™) regard-
ing quality versus quantity choices is that
the major weapon systems are laden with
technological bells and whistles that add
much to cost but little, if anything, to
military effectiveness. This is a surnmary
of that position, without a complete sur-
vey or extensive critique.

The conventional wisdom position has
an extraordinarily wide following. Advo-
cates include an industrial leader like
Norman Augustine, Washington analysts
like William McNaugher and Chuck
Spinney. as well as a more ideological
critic like Mary Kaldor.'

One can simply state that military
hardware is “gold plated™ and not expect
to offer much justification, even in the
Pentagon. Asserting that military
hardware is designed through conscious
choices balancing increments in cost and
performance in the interest of military
eflectiveness is likely to be controversial
virtually anywhere. Therelore, whether
ot not one welieves the crities, it is impor-
tant to understand their positions.

The Flawed Process

THE conventional wisdom concerns it-
self with analyses of the acquisition
process, with less attention to results.
Procurement of military hardware serves

at least three masters: technical,
military, and political.” The process pur-
sues at least three sets of inconsistent
goals with the various players assessing
different priorities.

Developing and producing military
equipment has become routinized and
bureaucratized. The industrial concerns
involved constitute a remarkably stable
group.” The major guvernment players
include the services {with using com-
mands, research and development [R&D]}
agencies, and service slaffs); the
secretary of defense (and staff agencies);
various {and increasingly numerous) con-
gressional comumitlees, subcommittees,
and support agencies {including the
General Accounting Office, the Congres-
sional Budget Office, and the Congres-
sional Research Service); and (more
recently) the Joint Staff.*

Each agency has its own agenda and
many avenues to pursue it. A plaver that
has lost in one forum may “appeal” {o
others, including the federal courts and
the press. The multiplicity of interested
parties. objectives, and decision arenas
encourages confentious and strategic he-
havior: most agree thai the process 1s
adversarial.’

The process itsell, therefore, obscures
the question of whether we are designing
and fielding cost-eflective military equip-
ment. No one takes specific exception to
cost-effectiveness, but it is only one of
many objectives those involved pursue.
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The Technological Imperative

THE United States is committed to su-
periorily in both basic military tech-
nologies and fielded systems—tor good
reason.” We have a competitive ad-
vantage in our ability to develop sophis-
ticated. high-performance weapon
systems. We compensate tor our onwill-
ingness to put large numbers of people in
harmn’'s way and accepting large numibers
of casualties with advantages in technol
ogy. We think in terms of fighting out-
numbered.

The conventional wisdowm charges that
we've taken emphasis cir technology to
extremnes. We add gadgets that are unre-
lated to military eflectiveness for reasons
endemic to the way we do business.’
Typicallv, we buy new systems as techni-
cal improvements instead of replacing
worn-oul equipment. More than one in-
dustrial concern is able to develop and
manufacture equipment embodying the
new technologies. Therefore, contractor
competition emphasizes technical iea-
tures, with optimistic promises about
costs and risks.”

Officials. military and civilian, 1nost
cirectly involved with the new system
preserve that optimism. Beyond the en-
thusiasm normal to the eariy stages ot
any new project. they have a tirm betiet i
the military eflicacy of the technologies
being pursued. And, as practiced
bureaucrats, they know what it takes to
formn the coalitions needed to sustain the
program throughout the protracted
development and production process.”
They are aware of the importance of a
consensus among interests and con-
stituencies within one’'s service, in
Department of Defense (DOD), and on
Capitol Hill.

Building coalitions inevitably requires
compromise, often in the form of adding
someone eise’s favorite gadget o the sys-
tem specifications.'” In the optirism of
the early stages, that is easy to do. There-

6

fore, new systems inherently start with
overspecitied requireinents {(burden of
consensus) and too little funding (burden
of optimism). "'

To make matters worse, the new sys-
tem ts rushed toward production, mini-
niizing the time available to test the
desipn’s practicality and to correct flaws
at a modest cost. This practice makes
eminently good sense to the plavers in
volved.  Techniology inevitably ditluses
and a nation conunitted to technical su-
periority cannot aflord to dither aboui
exploiting its technical advantages.
Moreover. the sooner the system reaches
produciion and de ployment, the less time
the supporting coalition needs to hold
together, "

The process therefore dictates that
development and procurement of military
1wrdware proceed with little or no refer-
ence to the cost-quality trade-offs. The
combined burdens of consensus.
timism, and overspecification mean
gadgets added for reasons unrelated (o
operational utility.

l"!]_

Technology versus Innovation
and Effectiveness

7N
1 HE quest for technologv is not the
same as a conuauitment to innovation. i
fact, the acqguisition estabiishment otten
oppeses {rue innovation. Afier the sian
of development, the contraetor must work
within an extensive list of “requirements.”
nxny of which preclude new means of
designing and producing an effective
military svstem.”” Coalition building re-
quires incorporating established mature
technologies with the bureaucratic sup-
port. Radically new technologies tend not
to have strong backers and are therefore
written out of the system specifications '
As a resnlt, we demand large improve-
ments in performance, and we rely on
mature {some say “decadent”) tech-
nologies, from which increments of per-
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formance are available only at very high
cost.'® Facing sharply restricted techni-
cal choices and expected to live within
optimistic cost estimates. the contractors
and program managers Inevitably devote
most of their eflorts to satisfying the per-
formance goals.'® However, there is no
tfree lunch; the costs assoclated with the
technological imperative are increased
complexity, lower reliability, high main-
tenance costs, and Inadequate nuinbers
of weapons purchased."”

Gadgets specitied at conception plus
other gadgets added during development
make our weapon systems highly com-
plex- -the “barogue” arsenal.’® In opera-
tivnai use, complex systems are likely to
break. are difficultl to repair, and gener-
ally expensive to maintain. They are in-
herently unready for combat.®

Therefore, the quest for performance is
1ot consistent with designing for military
Sotue critics charge that
the performance Increments are not
wnrth the extra costs. Some go iurther
and assert that extra complexity actually
reduces the eflectiveness of individual
units.”

eftectiveness.

The cunventional wisdom concludes
the acquisiiion process works badly. The
ulest noteworthy successes oveur oulside
the usaal channels. The crities state, for
exa:iple. that we have ithe F-16 only be-
canse DOD eadership did not follow es-
tablished Air Force procedures.”

A Preliminary Assessment

ON},"; can f{ind fault with the conven-
tional wisdom. First. the critics haven't
always been careful with their argu-
ments. When it comes to specific cases,
what constitutes a gold-plated. baroque
design is often vague, or at least subject
to ditfering interpretations. For example,
Kaldor cites the inability of Pakistani

F-104s to eftectively engape low-altitude.
subsonic indian aircratt (Gnats) in 1965
as clear-cut evidence of the deticient per-
formance of high-performance, multi-
mission, baroque weapons.*’  Actually.
there is a strong case for the F-104 not
being a multimission aircraft.,  The
original design envistoned a hipgh-
aititude, supersonic interceptor. A ha
rogue systemn would have included lower
altitude engagements in its specifications
and would have perforined better against
the Indian aireralt.”

Likewise the issue of gold plating and
complexity is clouded in the case ol the
F-86- the favorite of nuany critics who
cite its conspicious suecesses in Korea
and in the 1971 war between India and
Pakistan and tout it as the “last great
fighter built by the United States.™'
tHHowever. added gadgets., complexity,
growth in weight. and
avallabiiity {ur combat plagued the F-56
in its early years.” it appears that the
critics’ good exam,  ~hare the problems
of their bad ezamples.

Eross fow

Murrav L Weldenbaum uses extern-]
equipiient cluttering clean aerdy nami
designs as proof of sold plating.® Ac.
tually, most external equipment is added
as part of meoedifying equipmeni in
service—somicthing most c.itics asse: t is
not done often enough '

The story sometimes does nai frack
well. For exampie, Kaldor takes pains (o
ditferentiate the Soviets “conservative”
approach to weapon design with the {ri-
roque Western approach.™ Sin .
Western methods are argued to lessen
military effectiveness, one would expect
the Soviets to be ahead in the military
competition. Instead, Kaldor states that
the West has consistently held the initia-
tive in the arms race—with the Soviets
doggedly trying to keep pace.” 1t is dif-
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ticult to reconcile those two assertions,
especiaily when offered together.
Second. experience disproves many
propositions the critics ofter. Kaldor
predicted in 1981 that electronic innova-
tions (e.g., PGMs) would receive insuthi-
cient attention because of preoccupation
with the older (decadent) technologies as-
sociated with the aircraft and automotive
industries.™ That statement is at odds
with McNaugher's well-documented con-
tention that the services pursued the
Maverick (a PGM by any definition) with
too much enthusiasm and haste.”'
Another example is Spinney's predic-
tion that fighters like the F-15 simply
can't generate sorties in anything resem-
bling the amounts predicted in war
plans.” Field tests with F-15s have
demonstrated ability to meet or exceed
the sortie rates specitied in the war plans.
Similar results occurred in the Gulf war.™
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Chapter 3

The Empirical Record
The Case of US Tactical Air

THE proof is in the pudding, and the
worth is in the outpuit. Although much
attention has been de¢ voted to flaws in the
acquisition process, the conventional
wisdom has committed less effort to as-
sessing the outcomes. This chapier uses
US tactical air as a case study to assess
the vutcome of the acquisition process.
Unit costs of major weapon systems
have increased —a well-publicized and
acknowledged fact. The performance and
combat capabilities of major weapon sys-
tems have also increased. a fact less
publicized and acknowiledged. Two ex-
amples {llustrate the latter point. One
squadron of F-15s could easily have
replaced the eniire bomber force com-
mitted against Schweinfurt in October
1943—penetrating contemporary air
defenses, achieving the same level of
damage. and taking fewer casualties.'
Maj Gen Haywood S. Hansell (who did
much {o lormulate the sirategic bombirg
campaigns of World War 11) stated that
one contemporary heavy bomber (B-1 or
B-2) is worth more than one hundred
heavy bombers of World War {I vintage,
even against modern air defenses.”
Many who hold to the conventional
wisdom would not disagree fundamen-
tally with those estimates of capability
increase. They would assert that in-
creases in perfortnance reflect pursuit of
technological possibilities without con-
sideration of the cost implications.
Fortunateiy, the question of what, if
any, cost-performance trade-offs aflect
system designs is amenable to some em-

11

pirical verification. The Analviic Sciences
Corporation {TASC) has developed an e

tensive data base relating mission
capability to cost of US tactical aircraft.’
A Rand analvsis ot that data has shed
considerable light on the factors accournt

ing for cost of tactical aircraft.” Building
on those studies. we cian subject variots
propositions about major weapon system
cost and performance {o empirical test—
using US tactical aireraft as a case f{or
study.

Empirical Implications of the
Conventional Wisdom

REFERRING back to chapter 2. we can
state several empirical proposiions con-
sistent with the conventiona: wiwlom

I. Unit cost is growing rapudiy in real
terims, even after lower production r:tes
are taken into aveount.”

2. The pursuit of higher performance
has ied to tewer ati crafl being produced.”

3. We are thoroughly locked into ma
ture, "decadent”™ tectmologies: that is,
cost, performance. and muunbers of mis-
sions are growing over time.’

4. Increased performance corues at i
very high cost."

5. Performance requirenients are
pushed to the edge of currently available
technology. There is no systematic trade-
off between pertformance and cost; com-
plexity and “gold plating” are increasing.”

The lirst three propositions can be ex-
amined readily with the available data.
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Proving or disproving proposition 4 re-
guires a model to account for the cost of
tactical aircraft. Proposition 5 is the most
serious indictment of current practices
and Is the centerpiece of the conventional
wisdom. Examination of this last
proposition requires a model for analyz-
ing cost-performance trade-offs.

This section first examines proposi-
tions 1 through 3. Next, it provides an
explanatory model to account for aircraft
cost that serves as a means to evaluate
proposition 4. A rational design model is
then offered as a benchmark for examin-
ing actual cost-performance trade-offs.
Taken together, the empirical and ratio-
nal design models provide a means [or
assessing the merits of proposition 5.

Trends in Tactical Aircraft
Cost and Performance

PROPOSITION 1 asserts a clear trend
toward Increasing costs in major weapon
systems. Jacques Gansler puts the in-
crease at 5 lo 7 percent per year, even
after taking inflation and production
rates into account.'® At face value, tacti-
cal aircraft data supports Gansler's state-
ment. 1If we exclude the effects of
production rate, we note then real unit
cost has grown at approximately 6 per-
cent per vear.'' Figure 1 plots real unit
cosl (corrected for production rates) with
respect to time. However, if we also cor-
rect for the eflects of performance, then
the time trend disappears—which casts
considerable doubt on the significance of
Gansler's statement.'” This is evident in
figure 2.

Proposition 2 states that production
rates have decreased over time, with the
pursuit of higher performance being a key
factor. The empirical evidence supports
that hypothesis. In fact, there is a clear
downward trend over time, even afier the
effects of wars (Korean and Vietnam) and
performance have been included, as fig-
ure 3 shows."
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Commitment to mature technologies
means pursuit of ever-higher perfor-
mance and multimission capabilities
despite very high costs, and the increas-
ingly higher cost of more performance."
Proposition 3 therefore asserts that we
observe higher performance, higher cost,
and greater tendency to multimission
designs. Virtually all observers would
agree with the higher cosis and




CADRE PAPER

capabilities over time. There is also some
evidence for designing more missions into
tactical aircraft, as shown in figure 4.
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Accounting for Tactical
Fighter Costs

THE work of Gregory C. Hildebrandt and
Man-bing Sze provides the basis for ex-
plaining tactical fighter costs—using the

13

TASC data and taking into account con-
ditions of production (to include cosis of
materials and learning curves), perfor-
mance, and mission design.'”> The follow-
ing model explains tactical aircraft cost:

C = 959 lq‘““"’s’l le{ .37-‘1M()l)]] [RATEL 2139
(.08) (13.65) ¢t 2.93] t 2.92;

[el-345A8] [t -030)]

@2.85) (3.1)

R, = 85,

where C is real unit cost (in millions of
fiscal year 1981 dollars). gis performance
as measured by the TASC methodology.
R is production rate, MOD and Al are
dumruy variables {taking on the value one
for modified aircraft and interceptors,
respectively). The eftect of time () start-
ing at 1950 {where t = 1) Is estimated
exogenously, using the Hildebrandt and
Sze estimate of technical progress.'® All
estimated coefficients are statistically sig-
nificant except the constant.

Using the empirical model, we can now
comment on proposition 4. Norman R.
Augustine asserts that thelast 10 percent
in performance accounts for about one-
third of the cost; Walter Kross quotes the
critics as stating the last 10 percent ac-
counts for about half of total cost."” Ac-
cording to model (3.1). we would expect
the last 10 percent of performance to
account for approximately 13 percent of
total cost,'® much less than the amounts
the critics have claimed.

A Rational Choice Model of
Cost-Performance Trade-offs

INHERENT in any systemn design is a
trade-off between performance and cost.
The opportunity cost of better perfor-
mance is the added quantity possible
with a cheaper, less capable design. Also,
combat effectiveness is a function of both
quantities available and capabilities of
each unit.'”” A military service interested
only in maximizing capabilities would
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trade ot performance against cost to tor-
mulate the design that provides the
largest amount of capability for a given
budget.” The design problem is depicted
graphically in figure 5. At any given level
of technology. T, performance comes at a
price described by the performance-cost
frontier, AA.*' Therelore, the service
faces the choice between fewer but more
capable aircraft, or more numerous but
less capable aircraft, as depicted in figure
6. The curve BB represents budget con-
straint of the form

B=(C(q) 4.

where (C is average unit cost as a function
of performance (q) and x is number
procured. The curve BB’ represents an
increase in available resources. The
curve EE represents combinations of per-
formance and quantity thatl result in
equallcvels of effectiveness (an isoquant):
FF represents an increase in eflective-
ness, while DD constitutes a decrease.
The optimum design, g*. occurs at a point
of tangency between the isoquant, EE,
and the budget constraint, BB. At that
point, the slope of the budget line is equal
to the slope cf the isoquant.
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The implications of tangency are inr
portant. Suppose, as Frederick L. Frostic
and others state, that combat eftective-
ness is a multiplicative relationship of
quantity available and individual system
capabilities, such as,

R:({"X‘

where Ris efleciiveness, q is performance,
and x is number available.** The slope of
the isoquant is

dq/dx = - q/ax.
Likewise, the slope of the budget line is
dq/dx = - C/qu.

where C, is the first partial derivative of C
with respect to q. Since the slopes are
equal, then

qC,/C = a3 (3.2

Equation (3.2} characterizes a rational
design that balances performance
against cost to obtain the greatest pos-
sible combat capability. As already
shown in the empirical model, we can
relate performance and cost as follows (if
all other variables are held constant):

€ =154 1g81):
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where S, includes the (constant) values ot
all variables except q. We can then relate
the empirical model (3.1) to the rational
design model:

4C,/C = qu(yS.q‘S‘ l)l/ls()q‘s')l-

or, 4,/ C= S, (3.3}
Combining (3.2) and (3.3) gives us

S =a ('3.4)

Equation (3.4} provides a crucial in-
sight. Rational choice in systems design
means that the assessed relative impoi-
tance ol pertormance and numbers is
revealed in the parameter S, which can
be empirically estimated. This suggests
two observations. First, since S,>1. the
empirical record shows a clear preference
for performance over quantity.”" Second,
we can lormulate an alternative
hypothesis to proposition 5.

5.a. Tactical aircraft designs reflect a systematic

and consistent trade-off between performance
and cost.

If true, proposition 5.a falsifies 5. 1If
proposition 5.a were not true, we would
expect to find the estimated parameters
of model (3.1) (o be of doubtful sig-
nificance. We would also expect to find
the overall model to be of dubious value
in explaining cost variances.” If, as
proposition 5 asserts, weapon system
designs are becoming increasingly ba-
roque or gold plated, we would expect to
find some evidence of changes in behavior
over time, with the estimated value for S,
increasing.”® There is good evidence of a
change in the overall model taking place
for designs that first flew in 1957 or later;
the model applied to the two subsets gives
results as follows:

first tlight before 1957,

C=.907 lq(l.lss)l [e‘ -287TMOD)} {RATEL .178\‘

(.13) (5.69) (-1.08) t 1.62)
[el-414AD) [er 034
.37 — .
(2.37} R, = .59
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tirst tlight 1957 or alter,

C=2 114 [ 10A] fed 67oMOLY [RATEE Bini)
(150 (114 L2y

(I AN

i.»('.!f(if\l]l ‘(, n’)Jrl

14.26) erm“ = 43

Analysis oi the data indicates thai ob-
served preterence for performance has
not changed over time.”” In short, the
empirical record for tactical aircratt is
consistent with the rational choice model.

Assessment of the Empirical
Record

TWO findings are by tar the most inter-
esting and important. First, the services
have clearly favored performance over
quantity; or, restated in terms of the ra-
tional design model, the services have
revealed an assessment showing perfor-
mance to be more important than num-
bers in tactical air combat. Sccond.
observed behavior is consistent with the
rational design model: there is strong
evidence to support the proposition (5.a)
that systemn designs consistently reflect
an assessment of the roles of system per-
formance and numbers in producing
combatl effectiveness.

The second finding provides a new
perspective for viewing the conventional
wisdom (especially in propositions 1—3).
The critics appear to be reasonably ac-
curate observers, but not profound
analysts. In fact, the more damning the
assertion offered, the less the empirical
record supports it. Propositions 1, 2, and
3 are factual, although the conclusions
drawn are sensitive to the in-lusion of
other explanatory variables beyond the
simple passage of time,

Proposition 4 is, at minimum, an exag-
geration. Increased performance does in-
deed carry a price tag; but, it is far less
than asserted. Finally. if one accepls
proposition 5.a, then propositions 11 fail
the “so what" test. Higher pertormance
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(along with higher costs and lower num-
bers) is justified based on military cal-
culations of combat effectiveness.”

So, what are the real issues? First is
military competence and integrity. The
performance measures nsed rely heavily
on professional military judgments.*
Paid consultants to the DOD (a sig-
nificant number of whom are retired of-
ficers) compiled all ithe data used here.
Although there appears to be no ulterior
ubjectives in the work cited, those deter-
mined to distrust the military or depre-
cate military expertise will distiust or
deprecate the analysis presented.
Second is the real importance of system

1. Briefing. Headquarters TAC. “Combat
Capabtlity Comparisons.” undated.

2. Maj Gen Haywood S. Hansell, Jr., and Col H.
S. Hansell {1, “Air Power in Nationa! Strategy,” Top
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nor the previous reference (note 1) has recetved
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3. Edward Timberlake et al.. The TASCFORM-
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nical report (TR)-1334-3 (Arlington. Va.: TASC.
1980): Jonathan M. Regan and William J. Vogt. The
TASCFORM Methodology. 3d ed.. TR-5192-1-2 (Ar-
lington. Va.: TASC. 1988}): Willlam E. Dupuy. Jr..
et al., US. Military Aircraft Cost Handbook. TR-
8203-1 (Falls Church Va.: Management Consult-
ing and Research, Inc., 1983).

4. The sample studied was 66 Navy and Air
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from 1950 (F-89) to 1979 (F-18). Gregory G. Hil-
debrandt and Man-bing Sze, Accounting for the Cost
of Tactical Aircraft. Rand Report N-2420-P .&E
{Santa Monica. Calif.: Rand Corp.. 1986). 1-2, 44—
45.

5. Jacques Gansler, Affording Defense
{Camb- idge, Mass.: MIT Press, 1989). 7: Thomas L.
McNaugher, New Weapons, Old Politics: America’s
Militany Procurement Muddle (Washington. D.C.:
Brookings Institution. 1989), 168.

6. McNaugher. 87-122.

7. Mary Kaldor, The Baroque Arsenal (New York:
Hill and Wang, 1981), 20, 22: McNaugher. 88-92.

8. Norman R. Augustine., Augustine’s Laws
(New York: Viking Penguin, 1987). 138: Walter
Kross, Ailitary Reform: The High Tech Debate in
Tactical Air Forces (Washington. D.C.: National
Defense University Press, 1985), 63.

9. McNaugher. 90, 135-37: Kaldor, 22, 24, 26.

10. Gansler, 7.
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perforinance versus numbers in deter-
mining military eftectiveness. Though
the military has shown a consistent as-
sessment in favor of performance. nany
would argue that numbers are more i.n-
portant. Some cite the ACEVAL/AIMVA.,
test series as proof of the greater etfective-
ness of larger numbers of cheaper,
simpler air-to-air fighters.™
the importance of a regular “presence”
over the battlefield (achievable throu;.i
large numbers) has been used to support
the contention that numbers are also
more important in air-to-ground mis-
sions.”

Likewise,

V1. Taken as a deterministte
proposition 1 is of the form:

statement,

C=ColTm IR,

where C is real cost pes unit, Oy ts a constant. Tis
time and R1is production rate. The parameter mis
expected to e positive and n negative.

If we define C as the average cost of the tirst one
hundred units in milllons of fiscal year 81 dollars
{as is done in the TASC data). let T be the rar of
first flight of the Lystem. and let T'= 1 at 1950, then
the fitted equation 1is as follows:

= 938 [T058] [RI Ay
(3.21) {3.93) {2.33)

Rﬁmy =.42.

The t-statistics for the estimated parameters are
stated in parentheses below cach. All paraimcters
are significantly different from zero.

12. If we modify the model in note 11 to also
correct for increased performance, the fitted equa-
tion becomes

C=-.478 [Tt 008) |1t 124)] lqu.z.x-:'l
{ 84} [ .62) [ 1.34) 911}

Ry = 75

Only the estimated parameter for performance (o is
statistically significant. Though the apparent trend
is negative, the slope is not significantly different
from zero.

13. Proposition 3 can be stated mathematicallv
as follows:

R= €y, [T9, [ABWARY [ ],
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where WAR is a dummy variable (and tikes on the
value of one for systems introduced tn war years and
zero otherwise). The fitted equation is

R=5 419 [Tt 041)] |-385WARY |4 279))
1757  (-2.89)  (2.36) +1.59)

R,y = .40

All estimated parameters are statistically significant
except for pcrformance, q.

14. Kaldor, 5. 19-22, 25, 97, 112. In the TASC
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berlake, 2-2 to 2-4.

15. Hildebrandt and Sze, 15, 18, 35.

16. Ibid.. 18. 35. The results seen here are
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results came from the dumr | variable Al (intercep-
tor' . istead of ATTACK (accounting for aircrait with
alr-ground missions only).

17. Augustine, 138:; Kross, 63.

18. Hildebrandt and Sze reach a simtlar con-
clusfon. See Hildebrandt and Sze. 35. Suppose we
observe a performance level of 10 at a cost of $10
million. Everything else being equal (including
technology). if performance were 9 instead of 10.
estimated cost would then be reduced to about $8.7
million:

(‘-(9}/(,‘“0) = lgi..iﬁﬁl/[ 101,.!65' = .866.

19. Frederick L. Frostic. "Quality Versus Quan-
tity in Tactical Fighter Forces.” Journal of [¥ fense
Research 13 {1981): Decclassified 1987. 286.

20. Actually, this s a necessary condition for
op timum system design.  Rogerson states tnore
general conditions.  See Willlam . Rogerson,
“Quality vs. Quantity in Military Procurement,”
American Economic Review 80 {1990): 84-85.

21 The basic form of the curve in £,;ure 5 comes
from Leonard Sullivan. as discussed in McNaugher.
In Sullivan's formulation. the cost-performance
frontier goes asymptotic at performance level T. See
McNaugher, 6-7.

22. Frostic, 286.

23. Since. by definition, effectiveness is con-
stant along the curve EE, then

dE = 0 = Edq + E dx = ag® xdyq + qbdx,
which can be simplified as
dq/dx = -qfax.

Likewlise, cost is constant along the curve BB; that
is,

dB = 0 = C xdq + Cdbx.
or
dg/dx= - C/Cyx.

Continuing,

17

- (_‘/(,‘q\’ = dq/dx = - q/(u‘.
or. simplifying.
q(‘q/C =a

In more technical terms. the left-hand side of this
last equation is the elasticity of unit cost with
respect to performance. The dght-hand side of the
equation 18 a measure of the relative inportance of
performance in overall force effectiveness—being
the quotient of the elasticity of effectiveness with
respect to perfornnance divided by the elasticity of
cffectiveness with respect to quantity.

24. A standard t-trst shows that S, 1s sig
niflcantly greater than one. Since S| = a/b in the
ratioqial cholce model. then we «an be confident that
the empirical data reveals that a>b: that ts. that
system performance 1s mor important than num
bers in produding effectiveness.

25. Using standard regression analysis. we
wouldn’t expect the estimated parameters to be
significantly different from zero. nc. the overall
model to explain cost vadation very well. in fast,
parameter estimates are highly significant. and the
model does account for costs well.

26. One can look for such changes by testing for
the presence of changes (or “br aks™) in the
parameters of the model: at any given time period
using the Chow Test, or. in the absence ol prior
information. estimate the most likelv breakpoint
using the Quandt Maximum Likefthood Estfmator
In this parttcular case. the maximum likelihood
~stimate of a break occurs at 1957 it turns out tha
this is the only period tor which the Chow Test is
significant.  See Franklin M. Fisher, “Tests of
Equality between Sets of Coeflicients tn Two Lineas
Regressions.” Econometrica 38 (1970): 361 66, S.
M. Goldfeld and R. E. Quandt, Nonlinear Methods in
Econometrics (London: North-tlolland, 1972). 25& -
62.

27. Infact. there is weak evidence for a decrease
in S,.

28. A convinced critic could argue that all this
scction has really done is fail to disprove proposition
5.a. A rejoinder would be in two parts: {1) Failure
to find a significant and positive trend in costs not
accounted for by other varfables casts considerable
doubt on proposition 5. {2) Since the services have
the highest degree of professional background in
judging military eflectiveness {and whose members
face some possibility of living or dying based on the
accuracy of those assessments). there s at least
some burden of proof on those who would criticize.
Moreover. the acquisition process s, in fact, no more
Tawed than its products.

29. Timberlake. 1-5to 1.7, Appendises A and B.

30. Kross. 91: Rogerson, 83.

21 Franklin C. Spinney. Defense Facts of Life:
The Ilans/Reality Mismatch (Boulder., Colo.:
Westview Press. 1985). 89,




CADRE PAPER

Chapter 4

Cost-Performance Choices in the Future

TO ensure that we field cost-ettective
hardware in ihe fiscally constrained years
ahead, it is usetul to think throgh the
Air Force approach to quality-quantity
trade-ofls. At minimun, it is highly ad-
vantageous (o better articulate the
reasons for current practices. Chapter 2
indicated some difficulty discerning
where those trade-olls are actually made
in the acquisition process. rlowever,
chapter 3 showed substantial evidence
for major weapon system designs follow-
ing a consistent, rational pattern of cost-
performance trade-offs. This chapter
addresses two tssues. Fiisl, does the em-
pirical evidence suppcrt past assess-
ments of performance being more
important than quantity? Some evidence
based on Lanchestrian models of combat
resulls supports the assessment that
(qualily is more important than numbers..’
Second. with the Central Front contin-
gency no longer dominating defense plan-
ning, how will the quantitv-performance
issue play out in a world of multiple and
uncertain contingencies?® Portfolio
theory provides interesting insights, with
indications that we should continue em-
phasis on performance in the future.

Relative Importance of Quality
and Quantity in Coiabat

CHAPFER 3 discussed multiplicative ef-

fectiveness measures of the form
R=q¢" «x (4.1)

where Ris combat capability. q is system
performance, x is numbers available, and

19

a is the relative importance of qualty
versus quantity in combat. Just as avat’
able evidence reveals the asse.sed imn-
portance of performance versus quantity,
historical data provides estimates of their
ar tual impotance. A number of empiri-
cal studies based on F:ederick W,
Lanchiester's mwodel of combat consider
combal results as a funclion of quality
and quantity of forces engaged.
Lanchester was firsi to organize the
performance-quantily issue within a
defined analytical framework. and to
propose a measure of force effectiveness,
The original formulation assumed loss
rate at any inswant is based on opposing
force size and performance of each unit;
that is,

dx/dt = - q, Y

dy/dt=-q, x (4.2)

where x and y are force levels and the ¢'s
are positive constants reflecting perfor-
mance of individual umis.

System (4.2) can be solved for

("/1)2 =) /Yy -y = G,/ 4. {4.3)

where x, and y, are the force sizes at the
start of the engagement. As is ~vident in
{4.3). the squares of the force sizes reduce
at the relative rate of (¢,/q,). Therelore.
nurmbers are more important than pertor-
mance in this particular model. For ex-
ample, if the X side were twice as
numerous as the Y, then ¥ would need
four times the performance of X to have
the same combat capability. Lancheste -
proposed his tamous quanlity-squared
measure of effectiveness: *“The fighting
strength of a force may be broadly defined
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as proportional to the square of its
numerical strength multiplied by the
fighting value of its individual units.™
Mathematically, we can state the square
law as equating fighting strength to [q, ).
In terms of equation (4.1), we can write

R=q(.5) x4 (4.4)

James G. Taylor, D. S. Hartley, and
others have generalized Lanchester's
equations (4.2) to the form

dx/dt = ~ q, x>y,

dy/dt=-q_y* x (4.5}

where s is a positive constant.” System
{4.5) can be solved for

(x()l2 ol SI) / (yolz vl__yl2 = qy/‘l.-

Then, Lanchester's original etfectiveness
measure (4.4) can be generalized to

(4.6)

= iz, 6
R =q, x.

Present studies identify three discrete
cases defined by the value of s:

— if s = 0. we have Lanchester's adginal model,
the square cffectiveness measure applies, and
numbers are important:

— if s = 1, a similar measure of effectiveness
applies. and effectiveness is proportional to
quantity:; numbers and performance are
equally important;

— if s = 2, then numbers don’t count and only
quality matters.”

Intermediate, noninteger values are
“mixed” cases. The effects of numbers on
combat effectiveness are shown in figure
7. If the parameter s is greater than one,
then there are diminishing returns to
numbers; If s is less than one, we observe
increasing returns.’

We can now consider a question raised
in chapter 3. What is the relative impor-
tance of performance versus quantity in
combat eflectiveness? Empirical studies
using generalized Lanchester models (like
system [4.5]) indicate a mixed case, some-
where between the linear and logarithmic
cases. D. S. Hartley and K. L. Kruse
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analyze the combatl results using the
Helmbold Ratio, which is defined as

H= (2 -5 / (y,? - ). (4.7

where x and y are forces remaining after
the engagement.” Hartley and Kruse
then proceed with an empirical model to
explain combat results:

1dH) = v 1nlx,/y,) + w,

where 1n{H) is the natural logarithm of H,
(x,/y,) 1s the slarting force ratio, and v
and w are parameters to be estimated.

Empirical results show the relative im-
portance of performance and quantity in
explaining combat results; that is, the
value of v in model (4.8) corresponds to
the value of s in system (4.5). In par-
ticular an estimated value of v greater
than one supports the importance of
numbers. Hartley and Kruse show that
the estimated value of v corresponds to
the value of a in equation {4.1) {or [2s] in
equation (4.7)).'° The results are shown
in table 1.

(4.8)
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Using model (4.8), Hartley estimated
the value of v using air and land battle
data.'' The results presented in table 1
are easily interpreted. They are consis-
tent with a mixed linear-logarithmic
model of combat losses.'? In terms of the
effectiveness measure (4.1), that means
quality is not everything, but it is more
important than numbers.

Table 1

One objection to this approach is that
attrition is a simplistic measure of com-
bat results. We reach the same basic
conclusion with a more sophisticated as-
sessment. The Quantitied Judgment
Model (QJM) uses a richer metric for land
combal results, consisting of {1) mission
accomplishment, (2) ability to hold
ground, and (3} casualties incurred."’

Hartley's Estimates of the Importance of Performance in Battie

Data Set Obsarvations
Helmbold 92
81
Battle of Britain 17
Civil War 19
Inchon 19
HERO 263
340
24
Total 855

»

v

1.23
1.49

154

1.60

137

1.54
1.20
1.4

1.38

Error g
0.12 55
012 65
028 67
027 67
1.38 05
014 32
0.08 38
0.55 23
0.06 41

Source: D. S. Hartley M, Historical Validation of an Attrition Model (Oak Ridge, Tenn.: Data Systems Engineering

Organization, May 1990). 1-4.

* If v>1. then unit performance is estimated to be more important than numbers.

Using the QJM method of measuring
combat results, T. N. Dupuy finds strong
evidence of diminishing returns as more
numbers are added to either side of an
engagement:

There is evidence from historical combat that,

after a given ratio of combat power is reached,

the addition of more forces provides less in terms
of results than would otherwise be expected. . ..

This is. of course. a statement of the familiar law
of dimintshing returns. 14

Diminishing returms in combat are con-
sistent with performance being more {m-
portant than numbers, as illustrated in
figure 7. Empirical studies support per-
formance counting for more than quan-
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tity, and current emphasis on perfor-
mance is consistent with that assessment
of what counts in combat.

Weapons Design
in a More Uncertain World

The post—cold war era has imposed
major changes on US strategy, defense
planning, as well as on the size and com-
position of forces. To a large extent, we
have planned against a main enemy, the
USSR, and a main contingency, a large
Soviet invasion of NATO Europe via the
Central Front."” There are two major
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developmenis in the planning environ-
mwent.
1. The Soviet threat. at least as traditionally
defined. has clearly diminished. However. major
uncertainties remain regarding internal develop-
ments and the prospects for arms control agree-
ments.
2. Various regional threats to national interests
are more tmportant. in absolute as well as rela-

tive terms. 16

The most important implication for
planners is greater uncertainty regarding
actual military operations. Five years
ago, for example, few observers would
have rated an Iraql seizure of Kuwait as
the most likely contingency to require a
military response. Consequently, the ef-
fectiveness of any military force is more
uncertain as a variety of operational fac-
tors vary with contingency, including
hostile forces, allied forces. basing ac-
cess, weather conditions, and so forth.
Without a compelling major scenario
upon which to anchor planning, there is
a greater need to reflect that uncertainty
in planning and resource allocation
decisions."’

Fortunately, an established body of
knowledge, called portfolio theory,
provides useflul insights in planniny for
risky situations. In financial markets,
investors may purchase a wide variety of
assets, each having an expecied return
and a certain amount of risk attached.
Portfolio theory deals with the selection of
an optimal mix of assets (optimal
“portfolio”). The theory also has some
useful insights into cost-performance
trade-offs in weapon system designs.'*

A central assumption of the theory is
that investors are risk averse, preferring
less risky portiolios, other things being
equal. Similarly, it is reasonable to sup-
pose that defense planners are risk averse
with respect to the capabilities of their
forces in various combat situations.

Portfolio theory centers on utility max-
imization under conditions of uncertain-
ty. Each asset has a return that depends
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upon general economic and specilic
market conditions. Employing prob-
ability distributions fo estimate the
likelihood of the various possible retumns,
the methodology computes both an ex-
pected value ancd a spread In returns,
measured by variance or standard devia-
tion in the return. Varability of refu.rn is
the measure for risk.

If alternative portfolios are analyzed for
risk (bad) and expected return (good),
some candidate portfolios are eliminated
and an eflicient frontier emerges. (See
curve AB in figure 8.) At any point on the
froritier, vne cannot find a portfolio with
a higher rate of return without also in-
creasing risk. The frontier slopes upward
to the right, meaning that less risky as-
sels have lower rates of return, and com-
mand a premium price in the market."

EXPECTED
RETURN

P

RISK

Figure 8

With the absence of a market and risk-
free asset in weapons design, many of the
results of portfolio theory do not apply
directly to weapon design. However, the
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basic insights gleaned are very useful.
We know that investors are willing to pay
more for a less risky asset than a simple
calculation of expected return implies.”

The optimum system design includes
consideration of expected force eftective-
ness (good) and also variability in effec-
tiveness (bad}. To see the effects of risk
aversion in design choices, we can revisit
figure 6 and incorporate the effects of
being risk averse by formulating an ob-
jective function to be maximized by
design choice:

U= E(R) - A var(R). (4.9

where U is the value of “utility” attached
to a system design, E(R) is expected effec-
tiveness, var(R) is variability of effective-
ness as employment conditions change,
and A is a mea-iire of risk aversion. lf we
don’t care about risk. A is zero; increasing
risk aversion is reflected in larger values
of A.

Figure 9 shows the effects of risk aver-
sion. If increased performance lessens
risk, then the indifference curves rotate
toward the verticui—as shown by MM’
versus NN'. The result is that risk aver-
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Figure 9
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sion increases systein perforuiance in the
optimum design.

The tmplication is that if we lessen risk
by increased performance, we should
choose performance levels beyond that
implied by expected value considerations.
If increased performance increases risk,
then the opposite conclusion applies.

There is no definite answer to the ques-
tion of whether performance reduces risk,
but some results using the TAC Warrior
model of air combat in Europe are inter-
esting and suggestive. A major simula-
tion study. documented by Frederick L.
Frostic, explicitly considers quantity-
performance issues in tactical air forces—
through analysis of equal-cost
combinations of high-performance ¥-15s
versus cheaper, “austere” fighters.”'

The base rase for the simulation in-
cluded clear air mass conditions. One
excursion considered degraded weather.
Results showed that as weather condi-
tions deteriorated, the effectiveness of the
lower-performance option was lessened
much more: “The austere day fighter (ef-
fectiveness) . . . is significantly degraded,”
while the F-15 option improves slightly **
In terms of portfolio theory, Frostic's
results indicate higher system perfor-
mance means less variability in combat
performance.

Frostic’s conclusions are only sugges-
tive. Franklin C. Spinney, for example,
has argued that the maintainability of the
more complex F-15 in combat is also a
source of risk.” We need more study of
such risks before reaching any definite
conclusions. Some evidence shows that
higher-performance designs lessen risk,
and that rational designers should there-
fore show a special willingness to pay for
more quality in system designs.

Implications for Planning

This chapter has considered some fac-
tors pertaining to design practices in the
post—cold war era. There are two major
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considerations. First, past emphasis on
performance seems consistent with his-
torical evidence. Second. more uncer-
tainty in force planning may favor
continued emphasis on system perfor-
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